Traditionally volcanic-hazard assessments have been applied to stratovolcanoes, where volcanic hazard maps represent important tools for volcanic crisis management and land-use planning. In recent years, several improvements have been made for monogenetic volcanic fields focused on, among other things, the development of spatial models to deal with one of the main problems in these areas, namely the unknown vent location. However, volcanic hazard maps of monogenetic volcanic fields present some significant differences with respect to those developed for stratovolcanoes, including the fact that they commonly represent multiple eruptive processes spread over the possible vent opening area. Likewise, the scientific communication of the volcanic-hazard assessment and how this information is comprehended are critical issues in the development of mitigation strategies for monogenetic volcanic fields. In this research, we focused on developing volcanic hazard maps using simple numerical hazard models in combination with a random approach for vent location to cover the whole vent opening area. We added some spatial methods to better manage potentially affected areas. The maps were designed for use in a digital environment (Geographic Information System) by Civil Protection professionals in high-risk monogenetic volcanic fields on small oceanic islands. The methodology presented does not use susceptibility base maps for hazard assessment to avoid possible underestimation of low probability areas by Civil Protection. The methodology represents an attempt to respond to the most important questions of where, when and how a new eruption might take place in a monogenetic volcanic field. The example presented here was developed for La Palma (Canary Islands).
Introduction
Volcanic-hazard assessments maps constitute a well-used representative tool in hazard assessment and can be useful for land-use planning and the development of mitigation strategies. Hazard maps have been developed since the 1960s, mainly to deal with the threat of stratovolcanoes, and are typically based on the volcanoes' past eruptive history, geological setting and geographical environment Macedonio et al. (2008) ; Folch et al. (2009) ) but there are also simpler models that are designed to obtain faster multiple eruptive scenarios using fewer parameters and less complex computer system resources (e.g. for lava flow, ash fall and pyroclastic density current, ). Both types of models may be used to define the impact area in both long and short-term forecasts, and to carry out drills to manage the effects of a possible future crisis (Zuccaro et al. 2008 , Marrero et al. 2013 . They are often validated by simulating volcanic hazards associated with past eruptive events (Crisci et al. 2004) . Frequently, for hazard maps, the most significant volcanic hazards are taken into consideration, with most probable or worst possible scenarios defined by the scientific committee (De la Cruz-Reyna and Tilling 2008) . To define the most probable eruptive scenarios in terms of their expected volcanic activity as well as their spatial and temporal probability, several methodologies have been developed using the Bayesian approach (Marzocchi et al. 2008) , expert elicitation (Aspinall 2006) , or a combination of both, together with assessment of monitoring data (Woo and Marzocchi 2014) . Temporal probability is more critical in areas where future vents are unknown, such as in monogenetic volcanic areas (Becerril et al. 2013) or calderas (Bevilacqua et al. 2015) , but sometimes even at stratovolcanoes (Cappello et al. 2012) . At present, the development and management of local ) and worldwide volcano databases (e.g., (Newhall et al. 2017) ) have attracted the interest of the scientific community on account of their potential application in improving statistical analysis used in eruptive scenario definitions and in forecasting eruptive activity during volcanic crisis. However, these approaches and the methods implemented are highly dependent on the quantity and quality of the data available in the databases.
At stratovolcanoes that pose a high risk for the populated areas, worst possible scenarios are more frequently used in volcanic hazard assessment. In these contexts, most probable scenarios tend to be less useful in volcanic hazard management on account of the size (smaller) and the frequent absence of population close to the summit area (see Cotopaxi volcano, Mothes et al. (2016a) ). However, for high-risk monogenetic volcanic fields (Németh and Kereszturi 2015) , and depending on the type of volcanic hazard, both the most probable and the worst possible scenarios are important. In some monogenetic volcanic areas, the lack of large volcanic edifices may allow people to live in close proximity to a potential eruptive vent. In others, such as small volcanic islands, people are often scattered over the volcano edifice.
Hazard maps for stratovolcanoes are related to specific scenarios that may occur from one vent location. However, conceptually, global hazard maps developed for monogenetic volcanic fields are completely different because they usually cover multiple vent locations per hazard type. In this case, they represent a combination of thousands of eruptions with no relation to one another at superficial level. This fact makes it even more difficult not only for the decision-makers and for Civil Protection professionals to understand the complexity of the situation but also, and more significantly, for the local community who, as result, require specific communication strategies.
The manner in which volcanic hazard assessment in both stratovolcano and monogenetic volcanic field settings is conveyed to decision-makers and just how easily comprehensible this information is are also critical issues in both short and long-term forecasts (Marzocchi et al. 2012) . These critical issues affect landuse planning, emergency plans and procedures, together with the design of long-term mitigation strategies and short-term decision-making processes. Decision-makers must go through a learning process to understand the hazards they face together with their probable outcomes if they are to develop the best mitigation strategies and make the right decisions (Doyle et al. 2014) . However, the more complex the scientific information, the greater the effort that scientists have to make when relaying said knowledge accessibly. So collaborative training processes are necessary together with the search for new ways of establishing and sustaining dialogue to improve decision-making processes (Doyle and Johnston 2011) . This is especially important in areas with a long repose period where there may be a general lack of experience in volcanic crisis management (Marrero et al. 2015) . Authorities generally also prefer to use hazard maps in static formats (PDF, JPEG, etc.) for the decision-making process and as a communication tool (Thompson et al. 2015) . However, hazard maps are also commonly given the consideration of legal documents, sometimes serving as the basis for their direct inclusion in Emergency Plans (Marrero et al. 2015) or territorial planning.
The aim of this research is to develop volcanic hazard maps using simple numerical models for volcanic hazard assessment. Our approach does not use susceptibility maps, in order to avoid possible underestimation of low probability areas by Civil Protection. Instead, we have opted for a random model to represent the spatial distribution of vent location in both lava and pyroclastic flow simulations as explicitly addressed herein in the subsection relating to Definition of the spatial zoning approach and the use of a random model. The methodology has been developed for high-risk monogenetic volcanic fields on small islands and was designed for use by Civil Protection personnel. The methodology is an attempt to respond some important questions as where, when, how a new eruption may take place in a monogenetic volcanic field. We should underline here that this proposed approach has not been tested by the authors in collaboration with the local Civil Protection professionals as would have been desirable. The example presented here is a case study of La Palma (Canary Islands). The hazard maps were submitted to Civil Protection in November 2013, and were available for a time on a Web Map Server of the Canary Autonomous Government (http://idecan2. grafcan.es/ServicioWMS/Riesgos/Volcanico). However, a new hazard assessment study is underway at present for the whole of the Archipelago meaning that the current work is no longer available to the general public. Thus, we have provided a version of some of the hazard maps in Additional file 1.
Framework
The philosophy underpinning this work is that it should facilitate an understanding of the expected volcanic hazards that Civil Protection may face in the case of an eruption. It is also designed to be applied in places where the location of the next vent is either totally undetermined or highly uncertain, and where people live very close to potentially affected areas. We also consider that volcanic hazard maps based only on the study of natural phenomena (volcanic activity, geologic background, etc.) are insufficient to the task of adequately managing volcanic crises in high-risk contexts.
The framework is divided into three important steps: 1) the definition of Expected Eruptive Scenarios (EES) based on the geological background; 2) the use of a spatial zoning approach to better understand the characteristics of the area potentially affected by the expected volcanic activity; 3) and a volcanic hazard assessment using simple numerical models. This information is complemented by a clear and simplified hazard map report that includes terminology and methodology while identifying problems and offering some positive recommendations to aid decision-makers. It is important to highlight the fact that we developed several hazard maps with the aim that these be used in a digital environment (Geographic Information System) rather than as printable documents. This approach allows us to manage long-term hazard maps, avoiding visual saturation due to accumulated information.
Methodology
In this research, three volcanic hazard models were used (see, Felpeto et al. (2001 Felpeto et al. ( , 2007 , all in command lineoriented C ANSI programs via Linux (Marrero et al. 2013) : 1) A maximum-slope lava flow model based on Monte Carlo algorithms where the output shows the probability of occupancy of each grid-cell by lava flow; 2) A pyroclastic flow model based on the Energy Cone model (Hsü 1975; Malin and Sheridan 1982; Sheridan and Malin 1983) , that links source location with the distal limit reached by the deposit and where the output represents the energy loss expressed in terms of relative deposit thickness; and 3) an advection-diffusion model (Folch and Felpeto 2005) used to estimate ash fall and the expected proximal deposit thickness. A 5-meter resolution DEM was used together with GRAFCAN base cartography (GRAFCAN 2009).
Step 1: Definition of expected eruptive scenarios
We define the Expected Eruptive Scenario (EES) as the type of activity that may take place in an active volcanic area in accordance with its past eruptive history and geological setting or by comparison with other similar volcanic areas when insufficient local information is available. The EES depends on the characteristics of the magma, vent location and volcanic system and the outcomes are described in detail and presented in a simplified scenario-tree to allow for clearer understanding.
Step 2: Spatial zoning approach
We consider that the unknown vent location in monogenetic volcanic fields makes it necessary to adopt specific approaches toward improving volcanic-hazard management in these areas. Therefore, a spatial zoning approach should be applied with the following elements ( Fig. 1 A VOA is the area where a possible new vent may appear. It is important to note that the VOA does not represent the area affected by a possible eruption meaning that volcanic hazards may extend further. To obtain a VOA, an understanding of the geological setting is required.
The VOS is a zonation of the VOA with various different aims. Initially, the VOS allows the researcher to distinguish the different areas where variations of the EES may be appropriate. The VOS also helps to organize the hazard assessment of some of the volcanic hazard types, thereby avoiding saturation of information during the hazard simulation. The VOS depends not only on the geological setting but also on the type of EES. Setting the limits between different VOS is an important task. In this sense, the best approach is to use gradational zones, although many decision-makers prefer clearly defined linear limits as has been highlighted by Thompson et al. (2015) .
RiMS are directly related to the concept of the hazard map as an official printable document. The RiMS are used optionally when the scale selected makes it necessary to divide the threatened area over several different maps. In such cases, the criteria used are different to those used for defining VOS (i.e., administrative limits, geographic features such as valleys, etc.) and allow for specific operational areas to be designated on different hazard maps to facilitate risk management for decision-makers. Step 3: Hazard features
In the case of hazard assessment, we distinguish between the following features (see Table 1 ):
The Input Vent (InV) is the source, expressed in geographic coordinates, of a probable future vent that will be used in the hazard model as input data. In general, different approaches may be used to define the spatial distribution of InVs for relatively small and high-risk volcanic islands. In such cases, spatial vent distribution may follow the geological structures (Bartolini et al. 2013; Becerril et al. 2013) or a regular or random model may be applied.
A Single Hazard Scenario (SHS) is the output of the hazard model used (lava flow, pyroclastic flow, etc.) once the simulation process has been completed. The SHS relates to one single InV and one type of volcanic hazard alone. An example of SHS can be shown in Crisci et al. (2004) , where several simulations were carried out to reproduce the 1991 lava flow from the 1991-1993 eruption on Etna.
The Compound Hazard Scenario (CHS) is obtained from the sum (or combination) of a geographic layer of multiple SHS. To describe the CHS, we can use that the example of (Pistolesi et al. 2015) , where various different lahar scenarios were simulated and then combined on one global map.
The Multiple Hazard Scenario (MHS) aims at evaluating the impact area that may be generated by a combination of different volcanic hazards, that is, by different types of CHS or SHS (Fig. 2) . However, in monogenetic volcanic fields, this approach is only useful when simulating specific eruptive scenarios from one single volcano. An example of a MHS can be observed in the hazard maps of Cotopaxi volcano (Ecuador, Mothes et al. (2016a, b) ) where several volcanic hazards are combined to show the potentially affected areas (lahar, pyroclastic flows, ash fall, etc.).
Requirements for an accompanying report
In cases where there is scarce collaboration between the researchers and the authorities (Marrero et al. 2015) , where the technicians are constantly changing (Newhall et al. 1999) , or where the hazard maps are designed solely for the authorities and not for the general public (as was the case here), we believe that it is important to explain the hazard maps using an accompanying report. These reports may offer a clearer understanding of the hazard maps themselves as they explain not only the EES and the volcanic activity but also how the hazard maps were designed and developed (Thompson et al. 2015) . Although reports may vary, we believe that some elements should be addressed. First, they should include a glossary of all the concepts that the authorities need to understand in order to fully comprehend the hazard maps, such as hazard, risk, vulnerability, uncertainty, probability and forecast. Then, they should give a brief description of the eruptive history and geological context of the study area. Where, how, and when are the questions that ought to be answered as clearly as possible, including the uncertainty level of each (if possible), together with definition and clarification of the EES and volcanic activity. The methodology used to develop the hazard maps and the choice of assigned parameters should also be included, ideally described as simply as possible for the hazard model to be easily comprehensible. When volcanic hazard information is available in digital format there should be a clear explanation of how to use it. Finally, and with a view to improving hazard assessment, recommendations should be made for future work in those areas where a general lack of knowledge has been observed.
Fig. 2
Examples of combined SHS (lava flow top-left, PDF top-right) to generate CHS. The combination of different types of CHS produces an MHS, but in basaltic volcanic fields this combination is not useful. Thus, hazard maps can be generated from the CHS for long-term or from the MHS for short-term when addressing one specific volcanic scenario
Volcanic hazard assessment

La Palma: geographical setting and eruptive history
The island of La Palma (28.7 o N; 17.85 o W; 2423 m highest elevation, and a total area of 706 km 2 ) contrasts geomorphologically between the northern and southern parts of the island due to the distribution of more recent volcanic activity in the latter. The northern areas are affected by intense erosion with a deep drainage network and high coastal cliffs. In contrast, the southern part of the island has an underdeveloped drainage network and lower coastal cliffs, although steep slopes exist in both areas. Several volcano-stratigraphic units have been identified (Abdel-Monem et al. 1972; Staudigel et al. 1986; Ancochea et al. 1994; Carracedo et al. 2001; Guillou et al. 2001; Singer et al. 2002) . According to Carracedo et al. (2001) the first subaerial eruptive phase (∼1.7 Ma) occurred in the north of the island, first giving rise to the Garaf ía volcano unit, and later to the Taburiente volcano unit (∼1.2 Ma). On the southern flanks of the active stratovolcano, gravitational collapses have occurred over time. Volcanic activity then migrated southward (∼0.5 Ma) forming the Cumbre Nueva and Bejenado units. Scandone et al. (2009) noticed that when evolved magma is present, most large volcano edifices are steeper, such as is the case in Taburiente volcano, leading to caldera formations and/or flank failures. Evolved volcanic deposits have been found, for example, at the summit of the Taburiente Caldera (2426 m) (Ancochea et al. 1994) (Fig. 3) . The phonolitic rocks of Cumbre Vieja, dating from between 56 and 26 ka , suggest the presence of small transitory evolved magma batches ) located at a depth of 7 to 11 km (Klügel et al. 1999 . The interaction between the juvenile magma and these shallow batches might increase the volcanic explosivity (Andújar and Scaillet 2012). A correlation between this interaction and an increased level of seismic activity (frequency and magnitude) has been suggested, as reported during the Jedey eruption (XVI) (Johansen et al. 2005) . In La Palma, some of the most recent eruptions followed the same upward path used by the evolved magmas in earlier eruptions (San Juan volcano 1949, ).
The volcanic activity in the last 0.1 Ma has been mainly dominated by Strombolian and phreato-Strombolian eruptions located in the N-S-trending Cumbre Vieja Unit (Fig. 3) . The eruptive return period for La Palma was assessed by Astiz et al. (2000) who established a range of between 50 and 100 years, with 7 eruptions in the last 600 years: ∼1480, Montaña Quemada ; 1585, the Jedey volcano (Romero 1990; Johansen et al. 2005 ); 1646, Tigalate or San Martín volcano (Romero 1990; Carracedo et al. 1996) ; 1677, San Antonio volcano (Romero 1990; Carracedo et al. 1996) ; 1712, Montaña Negra (Romero 1990; Carracedo et al. 2001); 1949 , San Juan volcano (Klügel et al. 1999 White and Schmincke 1999); and 1971, Teneguía volcano (Afonso et al. 1974; Araña 1999) . However, there is no detailed work with which to reconstruct the eruptive history of La Palma over the past 100,000 years. Moreover, the location of the deep magma plumbing system is not yet clear, so four volcano-tectonic models have been proposed (Fig. 4) : in models A and B (Klügel et al. 1999; Klügel et al. 2000; Galipp et al. 2006 ) Cumbre Vieja is linked to a deep volcanic system located under the Taburiente Caldera (45-65 km deep according to, (Martínez-Arevalo et al. 2013) ). Model A proposes a vertical ascent of magma to form a shallow reservoir, from which magma is then driven towards the South. Model B proposes a lateral migration of the deep system and then vertical injection processes; in Model C, Cumbre Vieja is considered as an independent edifice with its own deep magma emplacement system (Galipp et al. 2006) ; and in Model D the magma emplacement zone could also be located further South, with a lateral migration toward the North (Camacho et al. 2009 ). The magmatic injection processes inferred in the case of the unrest and volcanic activity in El Hierro ( , (García et al. 2014 )) correspond to a cone-injection model proposed by De la Cruz-Reyna and Yokoyama (2011). The cone-injection model provides an explanation for the mechanical problems related to horizontal migration of the deep volcanic system.
Magmatic eruptions
The recent eruptive style in La Palma has been predominantly characterized by lava flow emission and moderate explosivity (e.g. Teneguia 1971 , (Afonso et al. 1974 Araña 1999) ) located at medium elevations (Klügel et al. 1999; White and Schmincke 1999) . However, for some eruptions in La Palma, two elements may have increased the explosivity: water interaction and evolved magmas (Klügel et al. 1999; White and Schmincke 1999) . Moreover, there are other factors of a more general nature that must be taken into account, such as changes in the eruptive dynamism and/or different vents opening during an eruption (c.f. the San Juan eruption 1949 in La Palma, (Klügel et al. 1999; White and Schmincke 1999) ) together with explosive phases masked by recently emitted material that may lead to possible underestimation of the explosiveness of the volcanic activity (Kereszturi and Németh 2012) .
Hydromagmatic eruptions
The interaction between the magma and seawater or aquifers may increase explosivity (Wohletz 1983; Kokelaar 1986 ) depending on the mixing process (Wohletz 1983; Mastin et al. 2004 ) and the properties of the magma (Cas 1992) . The hydromagmatic activity in La Palma tends to cluster in the summit area (Quesada et al. 1998; Klügel et al. 1999 ; White and Schmincke 1999; Carracedo et al. (Quesada et al. 1998; De la Nuez and Quesada 1999) . In the Canary Islands, some of the volcanic crises in the past may have ended in a submarine eruption without any visible effects observed, such as was the case of the unrest in 1793 on the west coast of El Hierro (Hernández-Pacheco 1982; Villasante-Marcos and Pavón-Carrasco 2014) or the more recent submarine eruption in 2011 (López et al. 2012) . Bathymetric studies available for the Canary Islands show multiple volcanic cones spread around the submarine slopes (Acosta et al. 2003 (Acosta et al. , 2005 . The internal dynamics of basaltic submarine eruptions may be similar to those occurring onshore but the eruptive style is also conditioned by external environmental factors, such as the hydrostatic pressure (Kereszturi and Németh 2012) . According to Fisher and Schmincke (1984) , the critical depth for magma fragmentation and explosive activity in basaltic volcanism is from 200 to 300 m deep although magma fragmentation may take place deeper down as the result of non-explosive activity (Cas 1992) . This critical depth is found over a slim area surrounding La Palma (VOS 0), but is difficult to define because of the lack of high-precision bathymetric data near the coastline.
Volcanic Risk management in La Palma
In Marrero et al. (2015) and Ortiz et al. (2018) there is an extensive study of volcanic risk management in the Canary Islands and how it has evolved over the last 20 years. Although significant progress has been made, there is still much room for improvement in risk management due to the difficulties that are presented when carrying out the task in small and populated islands (McGuire et al. 2009 ). In the specific case of La Palma, that for years has been considered one of the islands where a new eruption could take place (Carracedo et al. 1998 ), the present study represents the first volcanic hazard maps to have been developed, and no risk assessment has been published as yet.
The last volcanic eruption took place in 1971 in the inhabited southern part of the island (Volcán Teneguía, (Afonso et al. 1974) ). It was a moderate eruption, combining effusive and explosive phases over 24 days. The eruption took the lives of two people due to gas inhalation and the extent of the damage to infrastructure and land was limited. Tourists had the chance to visit the island without causing logistic problems and no scientific controversies were vented in the local media. Nowadays, however, the situation would be more complex, should a possible new eruption occur in the same area.
Step 1: Definition of the expected eruptive scenarios for La Palma
In line with the past eruptive history and geological setting, three global EES were considered: A and B located onshore and C offshore. These EES were divided according to expected volcanic hazards (B1, B2, B3) and depth of the sea (C1, C2 and C3) ( Table 2 ) and presented in a treelike structure, using a similar pattern to that proposed by Newhall and Hoblitt (2002) (Fig. 5) . The worst-case credible scenario was not taken into consideration here, but according to Carracedo et al. (1999) ; Day et al. (1999) and Ward and Day (2001) may be related to a potential giant landslide from the west flank of Cumbre Vieja.
Main features of the proposed EES:
• Vent opening distribution:We used a random model to represent the complexity of the spatial distribution of vent location that the monogenetic volcanic activity can produce.
• Eruptive style variability: The eruptive pattern may vary over an eruption or involve multiple vents, with violent explosive phases only occurring at some of the vents. When the eruptive pattern varies over an eruption, some EES cover the range from lower to higher explosive activity, thereby avoiding the use of many different EES for the same vent. If the eruption is characterize by multiple vents, and when the distance between vents is over 1 km, it is advisable to use totally different EES.
• Expected volcanic hazards: The most common expected volcanic hazards in the EES for A, B1 and B2 (Table 2) are lava flows, ash fall, gas emission and, in some specific cases, block-and-ash flows, to which pyroclastic flow and pyroclastic surges must be added in the EES for B3 and C3. Other related natural hazards triggered by volcanic activity are not considered at this stage.
• Expected impact area: varies according to the EES but is also influenced by vent location. At medium or high elevations, the area must be increased downstream.
• Expected duration of superficial eruptive activity:: Activity may last between hours to days (Parfitt 2004) , or months to years.
Specific characteristics of the proposed EES: Onshore EES:
1 A Type: Hawaiian style -magmatic eruptions.
• Main magma characteristics: High temperature, low viscosity and low gas content.
• VEI: 0-1, with column heights between 0 and 1 km (Newhall and Self 1982) , although convective plumes can reach higher altitudes (>8-10 km) depending on the magma-production rate (Stothers et al. 1986; Kaminski et al. 2011 ).
• Predominant eruptive style: Lower volumes of tephra (Froggatt and Lowe 1990) emitted by lava fountains up to 500 m high, ballistically transported, deposited near the vent (Kereszturi and Németh 2012) , and forming lava flows.
• Volcanic hazards: Mainly lava flows, ash fall
close to the open vent and gas emissions.
• Expected impact area: Between 1 and 2 km from the vent, but at larger distances downstream.
• Comment: This specific EES was predominant during the Garafía and Taburiente volcano shield formation (Middlemost 1970; Carracedo et al. 2001 ) but in the recent eruptive history of La Palma has had low incidence.
2 B1 Type: Hawaiian/Strombolian style -magmatic effusive-explosive eruptions.
• Main magma characteristics: Lower temperature, higher viscosity and gas content than Type A.
• VEI: 1-2, with column heights between 1 and 5 km (Newhall and Self 1982) and convective plumes at higher altitudes (Stothers et al. 1986; Kaminski et al. 2011 ).
• Predominant eruptive style: Frequent explosions forming large volumes of tephra mainly accumulated around the vent as solid scoria forming a cinder cone (Walker 1973; Houghton and Gonnermann 2008) . Sometimes, the short time between explosions generates a sustained eruptive column (Parfitt 2004 ), but the level of explosivity can vary throughout the process and is conditioned by many factors (Houghton and Gonnermann 2008) . This activity is also combined with lava emission phases.
• Expected volcanic hazards: Lava flows, gas emission, ash fall, block and ash flow.
• Expected impact area: Between 2 and 5 km from the vent, but at greater distances in valleys downstream.
• Comment: This type of volcanic activity is the most common not only in La Palma but also in the Canary Islands in general. See also Afonso et al. (1974) and Carracedo et al. (1996) .
3 B2 Type: Hawaiian/Strombolian style -magmatic explosive eruptions -associated with magma mixing/solid plugs. It is basically the same as B1 type but with the following variants:
• Eruptive style: The small volume of evolved magma and lack of shallow magma chambers (Johansen et al. 2005) are not sufficient to modify the eruptive style, although according to Andújar and Scaillet (2012) a slight increase in the seismic activity and the extrusion of solid plugs bodies could be expected.
• Comment: This type of activity is mainly located in the summit area of Cumbre Vieja where new eruptions may follow the same upward path created by earlier eruptions .
4 B3 Type: Hawaiian/Strombolian/Violent Strombolian style -hydromagmatic explosive eruptions.
• VEI: 1-3, with column heights between 1 and 10 km.
• Eruptive style: this is modified as a result of magma-water interaction. This type of activity evolves over the whole process or along different vents where diverse eruptive styles may occur . Violent explosions may occur caused by interaction with water, producing magma fragmentation and large volumes of tephra. In multiple-vent eruptions, high explosivity may occur, but only at some vents while at others remain with dynamics shown in B1-B2 eruptive styles.
• Expected volcanic hazards: Lava flows, gas emission, ash fall, , pyroclastic density currents including pyroclastic surges and block and ash flows.
• Expected impact area: Between 5 and 10 km from the explosive vent, but may extend further in valleys downstream.
• Comment: This type of activity in La Palma is mainly located near the coastline and/or at high altitudes (see Fig. 3 , White and Schmincke (1999) ; Klügel et al. (1999 Klügel et al. ( , 2000 ).
Offshore EES:
1 C1 Type: deep (>500 m) submarine eruption.
• Eruptive style: There is no visual effects on the sea surface making volcanic activity only perceptible on the monitoring network. The explosive expansion of magmatic volatiles and superheated seawater are suppressed by the high hydrostatic pressure (Cas 1992 ).
2 C2 Type: medium-deep (500-≈200 m. deep) submarine eruption.
• Eruptive style: There are changes in the color of the sea-water, lava balloons (large gas-filled cavity surrounded by a thin shell, floating on the sea surface and not very common, Kueppers et al. (2012) ; López et al. (2012) ), and large sporadic bubbles.
• Expected volcanic hazards: Lava balloons (Kueppers et al. 2012) , sea-water acidification due to gas emission.
• Expected impact area: Between 1 and 2 km, but depend on the currents, wind direction, coastline morphology and other factors.
3 C3 Type: Surtseyan eruption (<200 m).
• VEI: 1-3, with column heights between 1 and 5 km.
• Eruptive style: From C2 type (initial phase) to explosively ejected tephra jets (when lower hydrostatic pressure allows vapor generation) (Moore 1985) , evolving to pyroclastic surges at shallow levels. The frequency of explosion varies and the lava fragmentation is higher than in A, B1 and B2 types (Walker 1973 ).
• Comment: This type may evolve to B1 when the vent area is isolated from the sea-water (see also, (Thorarinsson 1965; De la Nuez and Quesada 1999) ). C3 type may evolve to C2-C1 when the original vent migrates to larger depth areas (Carracedo et al. 2012 ).
Step 2: Definition of spatial zoning approach and the use of a random model
An important methodological approach of this work was the decision to consider a uniform VOA for the whole island and the use of a random model to distribute the InVs for lava and pyroclastic flow hazards. These decisions were based on two types of groups of factors:
• Geology and volcanology factors:
-Recent eruptions have taken place in former volcanic areas in the Canary Archipelago. -The location of the deep magma plumbing system was unknown and the monitoring data available at that time (2013) did not clarify its location. -We considered the injection model proposed by (De la Cruz-Reyna and Yokoyama 2011).
• Geography and crisis management factors:
-The study area is relatively small, 706 km 2 -La Palma is a high-risk volcanic island.
-The possibility that the low probability areas highlighted by susceptibility methods might mislead decision makers when interpreting the hazard maps.
With regards to the geological and volcanological factors, in the Canary Island it is common to find that recent eruptions occur near past eruptive areas (Carracedo et al. 1990; Bartolini et al. 2013) or distributed over the whole island, as is the case on El Hierro Becerril et al. 2013) . The location of the deep magma plumbing system together with the injection model used may be critical in explaining this spatial variability in vent location. The location of the deep magma plumbing system is still undefined in La Palma, with various different proposals of models (Fig. 4) while the injection model considered here was the one used during the El Hierro volcanic crisis by our group (García et al. 2014) .
As far as the second group of factors is concerned, we believe that the spatial probability of a new vent (susceptibility) based only on observed surface elements (volcanic cones, dikes, etc.) might not be useful on a local and detailed scale on small and high-risk volcanic islands, where there are people living within the VOA. In the Canary Islands susceptibility results typically show only small differences between the lowest and the highest probability values. This issue can be observed in recent eruptive susceptibility studies for the Canary Islands: 0.0016-0.0063 in El Hierro (Becerril et al. 2013 ) and 0.00155-0.00465 in Lanzarote (Bartolini et al. 2013 ) and might be aggravated when divergent colour schemes are used to represent such small differences in probabilities, providing strong visual contrasts for relatively similar probability values (Thompson et al. 2015) . If only the higher susceptibility values are taken into consideration in hazard assessment, the lower susceptibility areas may be contemplated as being safe by Civil Protection authorities.
With these groups of factors, we assumed the possibility that an eruption might occur anywhere (VOA), even although the most recent activity had been located around the Cumbre Vieja Unit (South), and we decided to use a random model to distribute InVs for lava and pyroclastic flow simulations. This approach would ensure that Civil Protection had a comprehensive view of the expected volcanic activity over the whole island, thus allowing them to design a variety of mitigation strategies in line with the proposed VOS and RiMS.
In the VOS zoning (Fig. 6 ), hydro-magmatic activity distribution was taken into account, considering the critical depth for magma fragmentation and the increase of explosivity produced as a result of the interaction between the magma and water. In line with these defining factors, we finally mapped 5 VOS's distributed over horizontal strips two located close to the sea (1-2) one at the top of the island (4) and one in the middle (3), reflecting EES characteristics.
As has been explained, the RiMS are directly related to the concept of the hazard map as an official printable document and define specific operational areas. In the case of La Palma, we defined 7 RiMS based on geographical and administrative factors in such a way that in the printed final hazard maps all the main areas of the island were represented. For example, RiMS b highlights the Aridane Valley (Fig. 6) , an important area located in the southwestern part of the island. Nevertheless, the morphology of La Palma might mean that small differences in vent location generate different eruptive scenarios. It should be noted that although the 7 RiMS here have the same type of EES tree, this is not necessarily the case for other volcanic areas.
Step 3: Constructing the volcanic hazard maps As was previously mentioned, the VOS is used as a key to organize the distribution of the random InVs, which vary in density according to the type of hazard and the hazard model used. To calculate the InVs, we designed a random function implemented in a Python script that considers the area (VOS), the minimum distance between vents, and the type of hazard. Figure 7 shows the InV random distribution for lava flows, pyroclastic flows and ash fall in VOS 4. The use of VOS allows for better management of the SHS and CHS as well as coverage of the VOA. We did not use Multiple Hazard Scenario (MHS) in the final hazard maps because we were representing thousands of independent eruptions, the opposite of what usually occurs in hazard maps developed for stratovolcanoes. It is important to underline that each volcanic hazard was treated in a different way methodologically according to the information that we considered most important for the authorities to know:
• Lava flow hazard maps are focused on detecting areas with the highest probability of being affected by this type of hazard.
• Pyroclastic flow hazard maps attempt to highlight the potential areas affected by this type of hazard (the different VOS).
• The ash fall hazard map shows the effects of changes in wind direction when the eruption lasts for several months, together with the possible influence of the various different climate situations commonly present in the Canary Islands. Figure 8 shows the distribution of InVs (A) on each VOS for lava flow hazard (B). The marked geomorphological contrast between the northern and southern areas of the island is to be seen in the lava flow simulations. The well developed drainage network in the northern part of La Palma channels the lava flows while in the southern area the lava flows occupy a wider area. The parameters used in the simulations are shown in Table 3: • A Critical Depth factor (δ), if the height of the lava flow is lower than d, then the lava flow stops.
• The dispersion value (d l ), allows the original InV to be moved at random around a defined radius.
• Maximum flow length l max , maximum distance reached by lava flows. In this work the coastline is the limit.
• Total number of iterations. Figure 9 shows the distribution of InVs (A) in each VOS for pyroclastic flows (B). Given the limited existing information on pyroclastic flow parameters, we applied the parameters proposed by Toyos et al. (2007) and Kaye et al. (2009) . Here, the most important question was to show that the same type of activity might produce different impact zones as a result of geomorphological variations. The results of the simulations can be expressed by deposit thickness (m), flow velocity (m/s) or by dynamic pressure (Kpa) (Valentine 1998; Nunziante et al. 2003; Spence et al. 2007) . In this work, we decided to normalize the data (deposit thickness) given the unknown volumes of pyroclastic flows, an approach designed to simplify scale representation. The parameters used in the simulations are shown in Table 4 :
• The Heim coefficient (φ), represents the resistance due to friction (Malin and Sheridan 1982) , using the guidelines established by Toyos et al. (2007) and Kaye et al. (2009) , 20 o and 18 o were estimated for a B3 EES. • The altitude above the vent or drop in height (h c ), was the same value over all the simulations, 100 meters, to compare the effects produced by the topography.
In the case of an ash-fallout hazard, only one InV located at the summit area of Cumbre Vieja was used . A normalized method has been used to scale the data, representing the probability that a cell will be affected by a lava flow The high resolution of the DEM and the contrasted geomorphology made necessary to change δ and d l parameters (Fig. 10) . Two approaches were applied in order to show the expected behavior of the ash fallout hazard. The first approach factors in the frequent weather changes (Fig. 10b) in such a way that the final hazard map shows the ash-fallout dispersion using a one-month timewindow (Fig. 10a) . In the second, the four climate types of the Canary Islands were taken into consideration (Marzol and Máyer Suárez 2012) , here named as follows:
• Trade winds or Alisios • North Atlantic roughs or low pressure zones • Tropical Atlantic roughs or low pressure zones • Dust plumes from the Sahara or Calima
Instead of using statistical data, this approach relies on data collected over five days with one climate type ascribed to each day defined by its correlation with the climate-type features. The final hazard map shows the ash-fallout dispersion using a one-day time window. In both cases, the wind data column was compiled using radiosonde data collected twice daily from the Atmospheric Sounding Station in Güimar (28.321 o N, 16.381 o W, 105 m a.s.l.). The parameters used in the simulations are shown in Table 5: • Erupted Volume was estimated according to Mastin et al. (2009) , assigning a value of 0.01 km3 for medium size basaltic eruptions.
• Column Height • Average Particle Size is a critical parameter to estimate the terminal velocity of an airborne particle. The particle size is conditioned by the eruptive dynamic, so to develop the hazard map the following EES were considered: A and B1; B2; AND B3.
• Column Shape (A ) parameter depends on the type of particles considered.
• Standard Deviation
Accompanying report
Part of the information used in this manuscript was taken directly from the report developed for Civil Protection. We divided the report into four sections that addressed different important questions.
In the first section, we described the most important terms used in volcanic hazard and risk assessment and how we understood them. This was important given the complex contextual situation of communication between Civil Protection and research groups still present in the Canary Islands (Marrero et al. 2015; Ortiz et al. 2018) .
The second section introduced the geological background of La Palma, focusing on certain specific issues such as responses to the most important questions usually asked by Civil Protection (where, how and when). We briefly presented the evolution of the island, addressing the evolved magmas and water interaction to explain the possibility of explosive eruptions in some areas of the island. Another issue addressed was submarine eruptions, because in 2011 the El Hierro unrest (López et al. 2012 ) was characterized by submarine activity that had not been foreseen in the first version of the PEVOLCA (volcanic emergency plan for the Canary Islands) (Carracedo et al. 2012; Marrero et al. 2015) . We also considered the primary or secondary hazards triggered by volcanic activity, such as seismicity, landslides, tsunamis, lahars and gas emissions. These hazards are not usually taken into account by the general community or by Civil Protection in their emergency plans in the Canary Islands, but the El Hierro volcanic crisis made clear the need to address them (García et al. 2014) . Finally, we explained the spatial zoning approach and the EES.
In the third section, we described the methodology followed to carry out the hazard assessment, adding the color schemes that should be used in a digital environment. The idea was to provide a simple explanation of numerical models, how they were used, and to outline some of the significant technical limitations.
In the fourth section, we made some recommendations for future work that should be carried out in order to understand and improve volcanic hazard and risk assessment in La Palma.
Discussion
Visually, there are no great differences to be observed between the hazard maps developed following the approach presented here and other similar types of maps in the Canary Islands, fundamentally because the same hazard models have been used as the basis for all the maps (Araña et al. 2000; Felpeto et al. 2001 Felpeto et al. , 2007 Becerril et al. 2014) . However, it is at the level of territorial management that the main differences are to be detected. For instance, in the case of Tenerife, a homogeneous square was used to divide up the whole of the island to make the detailedscale hazard maps (see, Hoyuela Jayo et al. (2007) ). This technique gives an incomplete picture of some important geographic areas (RiMS) offering only a partial view that is complicated to interpret and manage in the development of mitigation strategies. In our approach, the division of La Palma into RiMS permits highlighting of various valleys and other geographic areas (see Fig. 6 ).
Another important question is the use of MHS (represented as qualitative hazard maps) for long-term planning in monogenetic volcanic fields, an approach used in both Tenerife (Hoyuela Jayo et al. 2007 ) and El Hierro (Becerril et al. 2014) hazard maps. This kind of hazard map represents the sum or combination of multiple vents instead of one. The location of these vents is critical to the final result. Any small variation in the location of InV will modify the final hazard map since higher and lower hazard values are highly conditioned by the InV locations. It should also be noted that lower probability is not synonymous with zero probability. This kind of map may mislead decision-makers in their risk assessment, in the same way as susceptibility maps, in that they may only focus the decision-makers' attention on specific areas where eruptions might take place, leading them to ignore the low probability areas (Thompson et al. 2015) . In our approach, we kept each type of hazard separate from the rest and we tried to cover the VOA as much as possible with highdensity InV distribution, in line with the type of hazard modeled. To avoid excessive information, we distributed the InV over different VOS, all of which are easy to manage or print. The result is not one volcanic hazard map but rather several that consider the RiMS, VOS and volcanic scenarios defined previously, since the main aim is to show the expected volcanic hazards according to the proposed EES, rather than to indicate where the next eruption is expected to occur.
At the same time, our approach can be used for shortterm management. During the El Hierro volcanic crisis, it was evident that it would prove extremely difficult to forecast the emplacement of a possible new vent on such a small island. Only valleys or important geographic areas were highlighted even when the maximum level of activity was reached (García et al. 2014 ). In such situations, our approach offers a global view and how a valley may be affected depending on where the vent is located, allowing Civil Protection to adopt various different emergency strategies.
Limitations
In hazard assessment, levels of uncertainty are influenced by multiple factors. Thus, a good understanding of volcanic activity, hazard models and the data used is needed to obtain the best possible results. Some of these factors may be grouped in the following ways: the frequency of eruptions together with our capacity to analyze, recognize and reconstruct past eruptive history (Marzocchi et al. 2012) , the data accuracy (DEM resolution, scale used, etc., (Stevens et al. 2003) ) and the characteristics of the hazard models (physical model, algorithms, input parameters, etc., (Renschler 2005) ). In other words, the final volcanic hazard information must be used with great caution.
Our methodology was specifically designed for Civil Protection professionals as a tool to improve their understanding of volcanic activity and their capacity to design mitigation strategies. In the Canary Islands, there are still some pending problems related to volcanic crisis management that complicate this process (see, Marrero et al. (2015) ; Ortiz et al. (2018) ). The methodology was also designed to be used in small and high-risk monogenetic volcanic fields where people live within the VOA. We applied a random model to distribute the InV for lava and pyroclastic flow simulations. It is important to underline that this approach overestimates the areas that may be affected by such volcanic hazards. We also considered very low probability areas within our hazard assessment although the volcanic activity in the last 0.1 Ma has been located in the southern part of the island. The volcanic hazard assessment can also be considered separately from the spatial zoning approach, meaning that the hazard maps presented here do not represent hazard maps based purely on volcanology and geology factors. Approaches and methods have been combined to develop a more complete tool to be used in small and high-risk monogenetic volcanic fields before, during and after a volcanic crisis. We should also underline that this work was developed without the desirable interaction with Civil Protection, meaning that some aspects are still to be tested.
In October 2017, there was an important volcanotectonic swarm in La Palma (López et al. 2018 ) with over 300 events detected mostly beneath Cumbre Vieja. This new data may give weight to the C model represented in Fig. 4 (Galipp et al. 2006) , supporting the idea that the northern area would not have needed specific hazard assessment because the probability of an eruption there is low. Nevertheless, the present work was designed as a technical document for Civil Protection professionals who should be afforded an overall vision of the expected volcanic activity, at least in places such as La Palma.
Some i mportant issues
Given the lack of interaction with Civil Protection during the development of this research, we cannot talk in as much detail about the lessons learned as we would like. Nevertheless, we have received positive feedback from some experts (researchers and technicians from Civil Protection) about how the volcanic hazard maps were understood and received. It should be noted that the present hazard maps were never socialized or issued to the general public, although they were available for some years albeit in a low-profile situation on the Web Map Server of the Canary Autonomous Government.
The time available to roll out this research was too limited (only 6 months), restricting the opportunity to interact with Civil Protection (after the El Hierro Eruption, the need for volcanic hazard maps for the other islands in the Canary Archipelago became of utmost importance). Civil Protection also had limited human resources, and although the volcanic hazard was considered to be of importance, it was not the only hazard on their daily agenda. We fully understand that the development of volcanic hazard maps represents a significant challenge and that interaction with the Civil Protection is of the utmost importance and often a greater challenge than the hazard maps themselves. This interaction is especially critical in high-risk volcanic areas, where the decision making process starts as soon new volcanic unrest is detected.
Despite the poor results in terms of collaboration, we consider that the methodology may be of great use to other similar areas around the world, hence the documentation of our experience in this scientific article. During the process of writing the scientific article, we realized that some aspects could have been improved upon. For instance, a better combination of susceptibility and random methods might have improved the spatial distribution of InV. Another significant issue was that we did not contemplate how to represent the volcanic hazard maps for the general public's understanding where other visual approaches and simplification would have had to be deployed, beginning with the explanation of how a hazard map represents thousands of possible results of the deep volcanic system rather than just the impact of one volcano.
Conclusions
The aim of this research is to facilitate communication between scientists and local authorities, using hazard maps as a tool to explain possible future volcanic activity. Such information must be fully comprehensible and, at the same time, useful in the organization and design of mitigation strategies. The information in the maps is complemented with a clear and simplified report (from the perspective of terminology used, methodologies, etc.) that identifies the problems and makes a number of recommendations designed to facilitate the work of the authorities. However, there is a need for real collaboration between scientists and decision-makers when developing volcanic hazard maps. The collaboration too often depends upon the severity of the volcanic activity and once the unrest is over, it ceases to exist. To keep collaboration alive, it is important to conduct drills where scientific groups identify the possible outcomes of volcanic scenarios, to hold frequent meetings and to constantly interact while the hazard maps are under development (Marrero et al. 2015) . However, in the Canary Islands this strategy was not easy to apply in 2013 although some significant advances have been accomplished since then (Ortiz et al. 2018) .
It is important to note that nowadays it is common practice to upload to a Geographical Information System (GIS), where the colors, scales and other attributes of maps may be altered, making the physical hazard maps, in the form of a printed document, less important than they were before. This becomes critical in high-risk contexts where a more precise definition of volcanic hazard limits is needed in order to design mitigation strategies. In such contexts, decision-makers need to understand the spatial relationship between the volcanic hazards and human environments, making detailed scales a requirement; this is easier in a digital environment.
The spatial-zoning approach is critical when dealing with monogenetic volcanic fields. Here a combination of three spatial elements (the VOA, VOS and RiMS) was used to manage not only the hazard models and completed hazard maps but also for the organization of the EES into tree-like structures. This methodology was applied in La Palma (Canary Islands), where various different volcanic hazard maps for lava flows, pyroclastic flows, and ash fallout were constructed, each varying according to the onshore and offshore EES, together with 5 VOS, finally separated into 7 RiMS. As a second measure, a more complex approach should be adopted introducing the probabilities and the Event Tree, together with more elaborate scenarios, such as worst-case or multihazard scenarios (bad weather, landslides, tsunamis, etc.), in order to improve the public authorities' knowledge and understanding of the decision-making process involved.
Additional file
Additional file 1: Hazard maps. As commented before, a new hazard study is underway, meaning the hazard maps mentioned in this work are no longer available to the public. Here we provided the original version of the hazard maps only modifying the size of the image files. (PDF 75, 858 kb) 
